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Objectives: to assess the haemodynamic effect of carotid artery surgery, and to relate postoperative changes to the state of
cerebral circulation before revascularisation.
Materials and methods: using transcranial Doppler we studied bilateral middle cerebral artery (MCA) flow velocities
before and on 1st day, 2nd or 3rd day and 4th or 5th day and 3 months after carotid surgery in 61 patients. In addition,
ipsilateral MCA flow velocity was monitored continuously during surgery. Data were related to the internal carotid artery
(ICA) perfusion pressure (cerebral perfusion pressure index, CPPI), measured directly before ICA clamping.
Results: postoperatively, MCA flow velocities increased significantly overall (p5 0.01), mainly due to pronounced and
longer lasting flow velocities in the group of 18 patients with CPPI5 0.7 (p5 0.05). Flow velocities peaked ± absolute as
well as relative ± on the first postoperative day and then gradually levelled off to reach preoperative values after 4±5 days in
patients with high CPPI, whereas MCA flow velocities remained increased in the group of patients with low CPPI. At
3 months flow velocities in both groups were normalised. New neurological symptoms occurred in four patients, who all had
low CPPI preoperatively (22% (4/18) vs 0%; Fisher's exact test: p 0.006).
Conclusion: some degree of hyperperfusion was seen in most patients, but the changes were significantly more pronounced
in patients with preoperative hypoperfusion, who also suffered significantly more neurological complications.
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The effect of carotid revascularisation on cerebral per-
fusion has been the focus of many publications over
the last two decades. Some report of global improve-
ment in most patients while others find an effect only
in patients with severe carotid stenoses.1±3 Others
again report that improvements are mainly within
the subgroup of patients who are haemodynamically
compromised due to a reduction of cerebral perfusion
pressure distal to a tight stenosis of the internal
carotid artery (ICA) in addition to an impaired collat-
eral blood supply.4±6 We have previously shown,
using Xe133 cerebral blood flow as well as with tran-
scranial Doppler (TCD) methods, that unless the
cerebral perfusion is compromised, carotid endar-
terectomy does not substantially alter cerebral
perfusion.7,8 However, under such conditions of pre-
operative hypoperfusion carotid revascularisation
may lead to postoperative cerebral hyperperfusion.Please address all correspondence to: M.-Y. Nielsen, Department
of Vascular Surgery, Rigshospitalet RK 3111, Blegdamsvej 9,
2100 Copenhagen, Denmark.
1078±5884/02/010053  06 $35.00/0 # 2002 Elsevier Science Ltd. AAlbeit transient, hyperperfusion may be adverse, as
localised headache, confusion, seizures and even-
tually intracerebral haemorrhage may occur. Thus,
patients with cerebral hypoperfusion, who apparently
benefit the most from surgical revascularisation, may
also face an increased risk of complications.
Postreconstructive hyperperfusion syndrome, first
described by Sundt et al.,9 occurs in approximately
1% of all carotid endarterectomies and has also been
described after carotid angioplasty as well as after
intracranial angioplasty of a distal MCA branch.10,11
The underlying pathophysiology is assumed to be
related to an area of previously hypoperfused brain ±
an ischaemic penumbra12 ± in which the cerebral
autoregulation is impaired. Upon restoration of nor-
mal pressure, autoregulation can not be regained
momentarily, leading to hyperperfusion in the pre-
viously hypoperfused tissue, analogous to the break-
through seen in hypertensive encephalopathy.13,14
Transcranial Doppler provides non-invasive, direct
and real-time information about cerebral perfusion,
and the technique is well suited for monitoring during
and after carotid surgery.15,16 Recently, we reported
on 61 patients monitored with TCD during and afterll rights reserved.
54 M.-Y. Nielsen et al.carotid endarterectomy to detect embolic events.17
The present paper describes the flow velocities in this
series of patients, in order to further assess the effect
of carotid revascularisation upon middle cerebral
artery blood flow velocity, and to relate postoperative
changes to the haemodynamic state of the cerebral
circulation before revascularisation.
Materials and Methods
The study group consisted of 81 consecutive patients,
who underwent CEA from February 1997 to January
1998, of which 61 patients entered the study. Two (2%)
patients were excluded due to aversion to the study, in
five (6%) patients a bone window was not obtained
and in 13 (16%) monitoring was rendered impossible
due to lack of staff. The median age of the 41 men and
20 women was 65 years (range 47±89 years). Entry
criterion was a degree of carotid stenosis 70% and
focal neurological symptom referable to the carotid
artery. The degree of stenosis was determined by
routine duplex criteria: a systolic velocities exceed-
ing 120 cm/s indicated a 450% stenosis, and end
diastolic velocities 4135 cm/s indicated a degree of
stenosis exceeding 80%.18 The study was approved by
the medical ethics committee for Copenhagen and
Fredericksburg counties (KF 01-062/94). All patients
gave their informed consent.
Included patients had experienced minor strokes
(Rankin scale: 0±2 at time of surgery) (n 16, (26%)),
transitory ischaemic attacks (TIA; n 32 (52%)), or
amaurosis fugax (AF; n 13 (21%)) on the side related
to the relevant carotid stenosis. Operation was per-
formed on from 0.5 to 3 months (median 1 month) of
their most recent neurological symptom.
Carotid surgery was performed under general
anaesthesia. Endarterectomy was performed either as
a conventional thrombendarterectomy (n 34), or as
an eversion thrombendarterectomy (n 27). Follow-
ing exposure of the carotid bifurcation, but prior to
carotid cross clamping, we measured mean arterial
blood pressure in the common carotid artery (CCA)
and in the ICA distal to the stenosis directly by means
of a 21G cannula connected to a pressure transducer.
Cerebral perfusion pressure index (CPPI) was calcu-
lated as the ratio of ICA to CCA mean pressures
before carotid crossclamping.8 A CPPI of 0.7 or less
was considered a marked pressure reduction, a cut-off
level we have used previously.8 Mean blood pressure
in the ICA during clamping (stump pressure) was also
determined. Based on continuous EEG monitoring ±
ipsilateral electroencephalographic flattening atEur J Vasc Endovasc Surg Vol 24, July 2002cross-clamping ± a shunt was inserted in 3 (5%)
patients. Successful shunting was defined as place-
ment of the shunt accompanied by regression of
focal or global ischaemia on EEG. The arteriotomy
was closed with a running suture, except for 4 (7%)
patients who had a vein patch closure. The median
duration of the operations was 68 (range 48±95) min
and of clamping 25 (15±41) min.
All patients had low molecular weight heparin 3500
IE every evening from the day before operation until
the day of discharge, as well as 5000 IE intraopera-
tively. After discharge all patients were recommended
to take aspirin 100±150 mg daily.
TCD measurements
Blood flow velocities were measured using a TCD
instrument (TC-4040 EME, (Uberlingen Germany)
with a 2-MHz probe fixed in the patient's temporal
regions bilaterally. Mean flow velocities (Vm) of both
middle cerebral arteries (MCA) were measured pre-
and postoperatively, as well as in the ipsilateral MCA
during surgery. The proximal segment of the MCA
was insonated through the temporal window at
a depth of 50±60 mm depending on the size of
the cranium.19 Vm was measured as time-averaged
maximal velocity over the cardiac cycle computed
from the envelope of the maximal frequencies. The
instrument as an average of the Doppler spectra
calculated Vm in 5 s periods, pre- and postoperatively,
Vm was recorded for 45 min because we also per-
formed emboli detection.17 Flow velocity in each
MCA was registered and the hemispheric asymmetry
was calculated as: (Vm ipsilateral MCA-Vm contra-
lateral MCA)/(Vm average of the two MCA's)  100%.
In 54 patients, the preoperative TCD measurement
was performed the day before surgery, in 7 patients
on 2 days before surgery. Postoperatively monitoring
was done the 1st day, 2nd or 3rd day and 4th or 5th
day, as well as after 3 months. The operated bifur-
cation was duplex scanned before discharge, and the
3-months follow-up was only TCD based.
Statistics
Non parametric rank tests were used for statistical
comparison of differences between samples. Propor-
tions were compared by Fisher's exact test (2 2
tables) or Chi-Square (3 2 tables). All tests were
performed two-tailed, and p5 0.05 was considered
significant.
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Cerebral perfusion pressure index (CPPI), determined
during surgery before carotid cross clamping, was 0.7
or less in 18 (30%) patients, whereas the remaining 43
(70%) had CPPI values above 0.7. Age, gender and the
clinical symptoms did not differ significantly between
the two groups (Table 1). Patients with low CPPI had
significantly more severe ICA stenosis, ipsilateral as
well as contralateral (Table 2).
Intraoperative flow velocities of the ipsilateral MCA
decreased significantly during carotid cross clamping,
to exceed preclamp-values upon declamping, equal in
the two groups of patients (Table 3). Postoperatively,
flow velocities remained significantly elevated on
1st day, 2nd or 3rd day and 4th or 5th day relative to
the preoperative measurements ( p5 0.01) (Table 3).
These changes were reflected in both groups of
patients on 1st day, but remained on 2nd or 3rd day
and 4th or 5th day only in the patients with low CPPI
(Table 3). At 3 months flow velocities in both patient
groups were normalised. Looking at the relativeTable 1. Characteristics of 61 patients.
CPPI p value
 0.7
(n 18)
4 0.7
(n 43)
Median age (range) years 65 (53±76) 62 (46±72) 0.08
Other risk factors for stroke
Male gender (%) 11 (61%) 20 (47%) 0.56
Smoking (%) 10 (56%) 24 (56%) 1.00
Hypertension (on medication) 6 (33%) 13 (30%) 1.00
Diabetes (type I and II) 2 (11%) 5 (12%) 1.00
Total cholesterol, mmol/L 7 (6±8.2) 6.8 (4.3±7.9) 0.43
Prior vascular surgery 0 6 (14%) 0.17
Prior carotid surgery 0 0 n.a.
Mann±Whitney U-test compared age and hyperlipidaemia between
groups; Chi-squared tests compared other characteristics between
groups.CPPI cerebral perfusion pressure index (the ratio of ICA to CCA
mean pressures).
Table 3. Flow velocity (median (25±75% interquartile range), cm
perfusion pressure index (CPPI ratio of mean blood pressure befo
Significance by Mann±Whitney rank test for two samples.
CPPI
(n)
Preoperative Intraoperative
Baseline Clamp on Clamp off
All (61) 49 (38±56) 42 (31±51) 27 (17±31) 48 (40±61)
40.7 (43) 48 (38±55) 42 (31±46) 27 (19±34) 46 (39±57)
0.7 (18) 51 (38±56) 46 (35±55) 26 (15±29) 59 (47±70)y
 p50.001. { p50.01 compared to baseline reading intraoperativel
{ p50.001. } p5 0.01. k  p50.05. n.s.not significant comparedchanges after surgery, i.e. post- vs preoperative flow
values in Figure 1, confirmed this pattern: the relative
velocities peaked on the first postoperative day and
changes were more pronounced and lasted longer
in patients with low CPPI. Finally, analysis of the
side-to-side asymmetry, i.e. the difference between
flow velocities of ipsi- and contralateral MCA. This
showed that the significant preoperative asymmetry,
present only in the group of patients with low CPPI,
was completely abolished (p5 0.05) (Fig. 2).
New neurological symptoms, all referable to the
hemisphere ipsilateral to carotid surgery, developed
in 4 (7%) patients (Table 4). Thus, new neurological
symptoms occurred significantly more often in
patients with preoperatively low perfusion pressure
(22% (4/18) vs 0%; Fisher's exact test: p 0.006)
(Table 5). Clamping time in the four patients was
from 15±35 min and all procedures were perceived
as uneventful and none had a shunt. All patients had
intraoperative emboli monitoring as previously
reported.17 None had preoperative embolic events
(HITS). All 4 patients revealed one or more HITSTable 2. Clinical and haemodynamic data in 61 patients.
CPPI p value
 0.7
(n 18)
40.7
(n 43)
Indication
AFy 2 (11%) 11 (26%) 0.13
stroke 3 (17%) 13 (30%)
TIAz 13 (72%) 19 (44%)
Ipsilateral ICA stenosis
50±79% 2 (11%) 20 (47%) 50.01
80±99% 16 (89%) 23 (53%)
Contralateral ICA stenosis
0±49% 10 (56%) 33 (77%) 50.05
50±99% 5 (28%) 9 (21%)
occl 3 (16%) 1 (2%)
Stump pressure (mmHg)
40 13 (72%) 38 (88%) 0.14
540 5 (28%) 5 (12%)
CPPI cerebral perfusion pressure index (the ratio of ICA to
CCA mean pressures); yAF amaurosis fugax; zTIA transient
ischaemic attack.
/s) in ipsilateral middle cerebral artery according to cerebral
re carotid cross clamping of internal and common carotid arteries).
Postoperative
1st day 2nd or 3rd day 4th or 5th day 3 months
59 (51±68) z 53 (46±65) x 51 (44±62) x 51 (37±55)n.s.
55 (51±66) z 52 (46±62)n.s. 51 (44±55)n.s. 51 (42±55)n.s.
64 (52±74) x 60 (49±68) k 61 (44±77) k 54 (35±55)n.s.
y.
to preoperative values.
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Fig. 1. The relative changes of mean flow velocities after carotid
surgery in the two groups of patients separated according to level of
cerebral perfusion pressure index (CPPI). Median and 25 and 75%
interquartile range indicated. Denotes a significant relative change,
at p5 0.05 level.
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Fig. 2. The difference between flow velocities of ipsi-and contra-
lateral MCA before and after carotid surgery in the two groups of
patients separated according to level of cerebral perfusion pressure
index (CPPI). Denotes a significant side-to-side asymmetry, at
p5 0.05 level.
Table 4. New neurological symptoms in 4 patients.
Pt. CPPI Time (after
surgery)
Blood
pressure
Seizures CT-scan Modified
Rankin
scale
1 0.59 Immediately 4180/90 No Infarction 2
2 0.34 2.5 hours  180/90 No Infarction 2
3 0.38 1.5 days 4180/90 Yes Infarction 3
4 0.37 4 days 4180/90 Yes Infarction 5
CPPI cerebral perfusion pressure index (ratio of ICA to CCA
mean pressures).
Table 5. Postoperative clinical symptoms in two different CPPI
groups.
CPPI
(n)
Headache
(%)
Seizuers
(%)
New neurological
deficit (%)
 0.7 (18) 7/18 (39) 2/18 (11) 4/18 (22)
4 0.7 (43) 16/43 (37) 0/43 (0) 0/43 (0)
p value n.s. n.s. 0.006
CPPI cerebral perfusion pressure index (mean pressure of ICA
before clamping/mean pressure of CCA). n.s.not significant.
Table 6. Ipsilateral (contra lateral) middle cerebral artery flow velocities (cm/s) in 4 patients who developed new neurological symptoms
after surgery. Under the dotted line, ipsilateral middle cerebral artery flow velocities (median value; cm/s) in the 4 patients compared to
remaining 14 patients (median) from group of patients with low cerebral perfusion pressure index (CPPI) (total n 18). Significance by
Mann±Whitney rank test for two samples.
Pt. no. Preoperative Intraoperative Postoperative
Baseline Clamp on Clamp off 1st day 2nd or 3rd day 4th or 5th day
1 56 (66) 48 12 79 74 (54) 63 (55) 51 (55)
2 51 (84) 51 27 110 113 (122) 86 (125) 98 (92)
3 55 (55) 55 16 59 74 (38) 94 (63) 82 (59)
4 29 (55) 29 14 68 101 (59) 71 (102) 84 (59)
n 4 53 88 79 83
n 14 49 60 52 54
p value n.s 50.05 50.01 0.055 p50.1
56 M.-Y. Nielsen et al.during surgery, but as this was not different from
patients who did not develop new symptoms.17
Neither could postoperative TCD detected embolic
episodes be correlated to the occurrence of compli-
cations (2/4 vs 18/57 (n.s.)) nor to the preoperative
state of cerebral haemodynamics, i.e. CPPI (7/18 vs
13/41 (n.s.)). Flow velocities of ipsi- and contralateral
MCA in this subgroup are shown in Table 6.Eur J Vasc Endovasc Surg Vol 24, July 2002Postoperative duplex confirmed in all cases that the
operated ICA was patent.
Discussion
A 7% (95% confidence interval: 2±16%) complication
rate after carotid endarterectomy is in line with the
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all complications occurred among patients who had
a marked reduction in cerebral perfusion pressure, as
determined intraoperatively by direct pressure
measurements ( p 0.006). This finding, that cerebral
hypoperfusion constitutes a significant risk factor, is
original. We have previously reported that surgery in
a series of 49 patients with low perfusion pressures
seemed to be associated with an increased compli-
cation rate compared to an equal sized control group
(12% vs 4%), but data could not be verified statis-
tically.21 Intuitively, patients with reduced cerebral per-
fusion reserve are more likely to suffer brain damage
than patients with normal flow capacity, if they
experience a thromboembolic event.22 Experimental
data also confirms this concept,23 but no prospective
data have addressed this issue. A recent report gives
indirect evidence: Zachrisson et al.24 reviewed the his-
tory and preoperative investigations of 14 patients
with early postoperative neurological events and 42
age- and disease-matched controls after carotid
thrombendarterectomy. High diastolic flow velocities
within tight stenosis, indicative of low internal carotid
artery perfusion pressure, were identified to be a risk
factor for early postoperative strokes.24
It is generally acknowledged that patients with pre-
operative hypoperfusion benefit the most from revas-
cularisation, as also shown in this study, in absolute
(Table 3) as well as in relative terms (Figs 1 and 2).
Using CBF measurements we previously found that
improvement in postoperative perfusion reserve
was related to the degree of preoperative haemo-
dynamic compromise.7 Although endarterectomy
does improve the cerebral circulation in patients
with a severe stenosis and a contralateral ICA occlu-
sion, the haemodynamic effects in patients with severe
stenosis without a contralateral ICA occlusion ±
reducing collateral perfusion reserves ± are negligible.25
It has also been shown that these patients face a risk
of postendarterectomy hyperperfusion after carotid
endarterectomy.16,26 In a TCD study, we have demon-
strated that in patients with postendarterectomy hyper-
perfusion syndrome, ipsilateral MCA mean flow
velocities were pressure-dependent, indicating that
hyperperfusion is related to a loss of autoregulatory
mechanisms.27 However, clinically important hyper-
perfusion syndrome is generally considered too infre-
quent a complication to `` counterbalance'' the ominous
effect of hypoperfusion in patients amenable for carotid
reconstruction.
In the present series only two of four patients who
developed new neurological symptoms postopera-
tively (Table 4, patients 3 and 4) could be classified as
having suffered a typical hyperperfusion syndrome,appearing some days after surgery accompanied by
hypertension and seizures.4,16 As none of the four
cases suffered intracerebral haemorrhage, considered
to be the definitive end-point of postendarterectomy
hyperperfusion, it may be questioned whether compli-
cations were in fact due to a classical hyperperfusion
syndrome. Still, postoperative flow velocity studies
(Table 6) clearly indicated that these four patients
suffered hyperperfusion, haemodynamically speak-
ing. In spite of small numbers and considerable meth-
odological variability, we identified significantly higher
flow velocities at day 1 and days 2/3 in these four
patients compared with the remaining 14 patients
with low CPPI. In a recent study Dalman et al.16 used
the criteria that flow velocity increased by 100% or
more on clamp release for the identification of patients
of increased risk of hyperperfusion. Among 62 patients
fulfilling these TCD criteria, 7 (11%) developed clinical
signs of a hyperperfusion syndrome (seizures or focal
cerebral deficits), whereas no patients in an equally
large control group developed such symptoms.
Thus, the present study adds to the growing evi-
dence that the subgroup of patients with preoperative
hypoperfusion is at an increased risk of developing
new neurological symptoms after carotid surgery,
whatever the aetiology may be. The indication for
CEA based on the degree of ICA stenosis and clinical
reasons might therefore be refined with additional
information on cerebral haemodynamic. A variety of
studies has considered preoperative identification
of cerebral hypoperfusion, such as TCD CO2 reactiv-
ity test, 99Tc-hexamethylpropyleneamine oxime
(99Tc-HMPAO), single photon emission computed
tomography (SPECT), positron emission tomography
(PET), transmission computed tomography (TCT) and
emerging magnetic resonance perfusion-weighted
imaging.28±31 More simple methodology may also be
helpful, as we demonstrated that antegrade perior-
bital flow ruled out severely reduced CPPI.32 The
role of these techniques in cerebral perfusion is still to
be determined. A recent study demonstrated a signif-
icant association with postoperative hyperperfusion
and preoperative reduced reactivity, as opposed
to patients with normal cerebrovascular reactivity
upon single-photon emission CT with acetazolamide
challenge.33
In conclusion, this study confirms that patients
with preoperative hypoperfusion benefit the most
from carotid revascularisation, whereas the haemo-
dynamic effects in patients with good collateral perfu-
sion reserves are minor. Unfortunately, the risk of
postoperative complications appears to be increased
in patients with preoperative hypoperfusion, though
not necessarily due to the hyperperfusion syndrome.Eur J Vasc Endovasc Surg Vol 24, July 2002
58 M.-Y. Nielsen et al.Selection of patients for endarterectomy should
perhaps include haemodynamic assessment in all.
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